Abstract-This paper proposes a controllable resistive type fault current limiter (CR-FCL) with its modified control strategy to improve fault ride-through capability (FRT) of fixed speed wind turbine (FSWT). Investigated system includes squirrel cage induction generator, the CR-FCL, and the FSWT connected to infinite bus through double-circuit transmission line. The CR-FCL is located in beginning of the parallel line. The proposed structure with its modified control method inserts an optimum value of resistance during fault to achieve maximum FRT capability. It will be shown that this optimum value depends on fault location and pre-fault active power. Two different wind speeds will be applied to the investigated system, which cause two various output powers. Then, it will be proved that each condition needs its own optimum resistance during the fault to achieve the maximum FRT capability of the FSWT. PSCAD/EMTDC is utilised to show accuracy of the proposed scheme and analytical analysis.
I. INTRODUCTION
Increased power demand and the depletion of energy resources have resulted in more attention being paid to renewable energy [1] . Of all renewable energy sources, wind power is the most important, especially in places located in high altitudes or which have more coastlines like Tasmania; because the mean value of the wind speed would be higher than places which are far from coastal areas [2] . With high penetration level of the wind power, there are two significant problems during the fault occurrence. One of the problems is linked to the whole power network: an increasing short-circuit current level. Another problem is related to fault ride-through (FRT) capability of the wind turbine [2] [3] [4] .
Simply, the wind turbine generators are divided into fixed speed and variable speed [5] . The most interesting one is variable speed wind turbine (VSWT) due to the possibility of extracting more energy from a wind regime than fixed speed wind turbine (FSWT). Furthermore, enhanced power quality, low stress on the turbine and independent control of reactive and active powers are the advantages of the VSWT [6] . A large number of the FSWT has also been installed over the past decades and more will continue to be installed due to their low cost of installation and maintenance, as well as their reliable and robust characteristics [5, 7] .
In the literature, many methods and structures have been proposed and implemented to improve the FRT capability of the FSWT and decrease the high short-circuit current level during the fault. These methods are different types of the FCLs [8] [9] [10] , energy storage structures ] 11 [ , static synchronous compensator (STATCOM) [7] , distributed constant power loads (CPLs) [5] , dynamic voltage restorer (DVR) [12] , series dynamic braking resistor (SDBR) [13] , unified power quality conditioner (UPQC) [14] , capacitor banks [15] , static VAR compensator (SVC) [16] and unified power flow controller (UPFC) [17] .
In [8, 9] , bridge type fault current limiters (BFCLs) have been utilised to enhance the FRT of the FSWT during the fault. A fixed impedance has entered the fault line, which is not appropriate in providing maximum FRT capability of the FSWT. Recently, in [10] , three sets of single phase optimum resistive type fault current limiter (OR-FCL) has been proposed. The OR-FCL has good operation for all gird faults. But, number of components is high and each OR-FCL needs its own control circuit.
In this paper, a controllable resistive type fault current limiter (CR-FCL), with a modified control method, will be presented to improve the FRT capability of the FSWT. The CR-FCL aims to obtain the maximum FRT of the FSWT considering all the pre-fault situations. Both the fault location and the wind speed variations will be employed in analytical analysis to produce an optimum technique by the CR-FCL. This technique will ensure the maximum FRT of the FSWT after the fault occurrence. Furthermore, technical issues will be studied; and the possibility of utilising the proposed CR-FCL will be analysed from a practical point of view. The CR-FCL has simple control circuit and low number of components. Finally, simulation results from PSCAD/EMTDC software will be obtained to show the effectiveness of the CR-FCL in obtaining the maximum FRT of the FSWT.
II. FIXED SPEED WIND TURBINE
To simulate the FSWT, it is supposed that the wind turbine has horizontal axis with three blades utilised to extract the power from the wind. The single phase circuit model of the induction generator is shown in Fig. 1 . Resistances of the stator and the rotor are shown by and , respectively. In addition, and refer to the leakage reactance of the stator, and the rotor, respectively. Furthermore, is the magnetising reactance and U is the terminal voltage of the squirrel cage induction generator. The stator current which feeds the power system and slip are shown by and s. Fig. 2 shows three phase power circuit topology of the proposed CR-FCL. Considering Fig. 2 , a three phase transformer known as an "isolation transformer" is located in series with the power system. In addition, a three phase diode rectifier bridge is used to insert dc side resistance into the ac side of the proposed CR-FCL. The resistance, , placed in parallel with a self-turnoff switch, plays the main role in limiting the line current during the fault. It is obvious that the line current will increase intensely in the first moments of the fault. So, to protect the self-turnoff switch against the severe line current variation, a small value of dc reactor, , is placed in series with the switch.
III. POWER CIRCUIT TOPOLOGY OF THE PROPOSED CR-FCL
The proposed structure does not affect the normal operation of the power system because is bypassed by the self-turnoff switch. When a fault occurs, the current of the induction generator increases immediately. When this current reaches pre-specified value, , the proposed control method is employed to the CR-FCL. Therefore, the self-turnoff switch starts switching with a pre-defined frequency, , and a duty cycle, . By using this special switching pattern, the proposed CR-FCL is able to insert a controllable value of the resistance to the fault line. So, the fault current is limited to the desired value which makes the maximum FRT of the FSWT. After the fault removals, the CR-FCL returns to the pre-fault condition.
To show the detailed operation of the CR-FCL during the fault, Fig. 3 is used. Considering Fig. 3 , the fault occurs at and starts to charge. At , the dc side current, , reaches to . From , the self-turnoff switch starts the switching. At this interval, average of steady state dc current ( , . ) can be expressed by (1):
where is the rectified dc side voltage of the CR-FCL. By simplifications (assumed that has large value.), (1) can be simplified to (2) as follows:
Equation (2) shows that the value of , depends on the D. It means that by the controlling D, it is possible to control the value of the dc side resistance, as expressed in (3).
As a matter of fact, the duty cycle of switching pattern results in the variable and the controllable resistance in the dc side of the proposed CR-FCL. To make the maximum FRT of FSWT in all pre-fault conditions, this controllable resistance can be applied to the power system. The calculation procedure used to obtain the maximum FRT capability is explained in 
where is the peak voltage value of the primary side of the isolation transformer and is the isolation transformer ratio. Finally, with regard to (4) we have:
IV. MAXIMUM FRT OF FSWT
During the fault, the CR-FCL is expected to consume the excess energy of the fault. But the amount of the consumed excess active power determines how the FSWT can ride through the fault. To reach the maximum FRT of the FSWT, it is required to create a situation in which the fault does not affect the induction generator. In fact, the output active power of the induction generator should be equal with the pre-fault condition's active power, during the fault.
Overall, the consumed active power of the proposed CR-FCL ( ) can be expressed as follows which should be equal with the pre-fault condition's active power of the FSWT, during the fault:
where is the point of common coupling voltage and k is the ratio of the fault distance to the parallel line length. Meanwhile, is the output power of the induction generator and , is the optimum resistance value of the CR-FCL to reach the maximum FRT of the FSWT. So, , can be computed as follows:
From (7), it is obvious that , depends on and . To show the impact of and on the value of , , variations of these parameters should be analysed.
In Fig. 4 , the variation of , is plotted in respect of for three different fault locations. Considering Fig. 4 , it is concluded that, , changes in a wide range with respect to the pre-fault output active power of the induction generator (0.2 to 1 p.u.). In practical conditions, due to the wind speed variation, the active output power variation of the induction generator is obvious in the power network. So, to provide the maximum FRT of the FSWT in all pre-fault situations, using the proposed CR-FCL is essential. Also, Fig. 4 proves that the variation of k does not have any considerable effect on the value of , . So the worse condition has been selected for k during the fault in the simulation and k is equal to zero.
According to (7) , to calculate D to provide , , the prefault active power should be measured. Therefore, considering (5), , can be computed. As a result, by using (3), D is obtained to insert , to the fault line path. So when the fault occurs, the self-turnoff switch starts the switching with the specified and the calculated . Consequently, it is guaranteed that the CR-FCL will consume the pre-fault transferred active power of the fault line and the maximum FRT of the FSWT will be obtained in all pre-fault conditions. In Fig. 4 , , has been calculated for two case studies of the simulation.
V. TECHNICAL ISSUES
In the proposed CR-FCL, two important technical issues should be taken into account. The first one is the operation of the self-turnoff switch and the second one is generated heat in the dc side resistance.
The self-turnoff switch has the special and D during the fault, which should be able to switch during the high current level. It is clear that the switching interval depends on the fault duration that is in a short time. During this interval, to satisfy the voltage and current rating of the self-turnoff switch, parallel and series connections of the self-turnoff switch can be employed. Up until now, high rating press-packs self-turnoff switches have been introduced for high power applications [18, 19] . Therefore, the CR-FCL can be applicable for the high output active power of the FSWT.
The second technical issue is linked to the dc side resistance of the CR-FCL. To achieve the maximum FRT of the FSWT, the CR-FCL should consume same active power of the prefault condition of the parallel line. As aforementioned, the fault duration is short in most cases. Therefore, the amount of heat generated in the fault duration can be dispatched after the fault removal. The same operation principle of consuming the output active power of the wind farm by resistance has been utilised in King Island, Tasmania, but, this resistance controls the frequency of the power network by consuming the excess output active power of the wind farm. In fact, the wind turbines produce as much power as possible and if the generation exceeds the consumption, the excess output active power is absorbed by the resistance [20] . The authors hope to employ the proposed CR-FCL for both the present application in King Island and obtaining the maximum FRT of the wind turbines in the same place. 
VI. SIMULATION RESULTS
Simulations by PSCAD/EMTDC software are done on Fig.  5 . The parameters of all the components of the simulated power network are presented in Table I . The three phase fault is applied in the beginning of line 1 at t=15 s and it continues for 300 ms. When the fault occurs, the current increases. When it reaches = 150 , the CR-FCL operates and limits the fault current level.
Two different cases are studied in this section to show how the resistance value of the CR-FCL can affect the FRT of the FSWT. In both cases, the optimum resistance values are calculated. In addition, it is shown that the resistance value, which is used in one case for the maximum FRT of the FSWT, cannot guarantee the maximum FRT of another case study. Therefore, by employing the proposed scheme, the optimum value of the resistance for each case study will enter to the fault line to ensure the maximum FRT of the FSWT for all case studies.
The difference between the case studies is related to the wind speed value.
A. Case Study 1
The wind speed is considered 13.1 ⁄ . In addition, it is supposed that this speed is constant during the fault. This assumption can be practical because the fault duration is short. Fig. 6 shows the rotor speed without using the CR-FCL. It is clear that the induction generator is unstable. The induction generator current is presented in Fig. 7 . The large swings are clear during and after the fault due to the instability of the induction generator. Fig. 8 illustrates the output active power of the induction generator, as well as the transferred active powers of the fault line (line 1) and the healthy line (line 2).
To limit the fault current and also provide the maximum FRT of the FSWT, the CR-FCL is utilised in line 1. At first, it is necessary to calculate the optimum resistance value of case study 1. The calculation procedure has been discussed in section IV. In Fig. 4 , , is shown for = 13.1 ⁄ and = 0. To produce , = 3.9Ω by the CR-FCL in its ac side, the duty cycle should be computed. The value of 51% for the duty cycle can be concluded using (3) and (5).
Considering Fig. 9 , it is completely clear that not only the induction generator remains stable but also the rotor speed has very small swings after the fault removal. The currents of the induction generator and two parallel lines are also shown in Fig. 10 . The induction generator current has a small distortion during the fault due to the CR-FCL operation, Fig. 10(a) . However, the most important issue, which should be taken into account, is the current of the healthy line (line 2), Fig. 10(c) . By employing the CR-FCL, it can be ensured that the healthy line almost does not sense the fault occurrence.
The transferred powers in both parallel lines are shown in Fig. 11 , which prove that the transferred active powers in both parallel lines manifest the pre-fault trend. Finally, the generated impedance by the CR-FCL including the enlarged view of first moments of the fault is shown in Fig. 12 . As is clear from Fig. 12 , in each switching period, the impedance value of the CR-FCL increases step by step up until it reaches its optimum value. Fig. 7 . The induction generator current without using the proposed CR-FCL. Fig. 8 . The transferred and generated active powers during the fault without using the proposed CR-FCL. Fig. 9 . The rotor speed using the optimum resistance value for case study 1. 
B. Case Study 2
In this case study, the wind speed changes to 12 m/s. To obtain the optimum resistance value, the calculation procedure is the same as that mentioned in case study 1. The optimum resistance value is shown in Fig. 4 . The duty cycle is 36%. To show the benefit of the optimum resistance value, it is assumed that the resistance value of case study 1, 3.9Ω, is used for in the CR-FCL. Fig. 13 shows the rotor speed for both values of = 3.9Ω and , = 5.2Ω. It is clear that the speed swings for , = 5.2Ω are smaller than = 3.9Ω. To make an effective comparison, the electrical torque of the induction generator is plotted in respect to the rotor speed in Fig. 14. It can be observed that the induction generator is not interested in avoiding the stable equilibrium point for the optimum resistance value. So it can be concluded that inserting the optimum resistance value considering the pre-fault conditions, including the output active power of the FSWT and the fault location, is important from the maximum FRT capability point of view. 
VII. CONCLUSION
The aim of this paper is to present the complementary study about the FRT capability of the FSWT by the FCLs. In this paper, the FRT capability of the FSWT has been investigated by the modern FCL with its proposed control method. The proposed CR-FCL guarantees the maximum FRT of the FSWT with simple control circuit and low number of components. It has been shown that the FCLs with fixed impedance cannot be effective in reaching the maximum FRT capability for the all pre-fault conditions. The impact of the pre-fault conditions, including the fault location and the pre-fault output active power of the induction generator, has been considered on the maximum FRT of the FSWT. Therefore, the optimum resistance value has been calculated based on the pre-fault conditions. This optimum resistance value can be generated by the special frequency and the duty cycle of the proposed CR-FCL. Furthermore, the technical issues, which may arise in practical situations, have been discussed. 
